Raman-assisted hopping can allow for the creation of density-dependent synthetic magnetism for cold neutral gases in optical lattices. We show that the density-dependent fields lead to a non-trivial interplay between density modulations and chirality. This interplay results in a rich physics for atoms in two-leg ladders, characterized by a density-driven Meissner-to vortex-superfluid transition, and a non-trivial dependence of the density imbalance between the legs. Moreover, the strong rungcoupling regime presents direct transitions between different rung-singlet phases, as well as rungsinglet phases with finite rung string order. Density-dependent fields also lead to an intriguing physics in square lattices, characterized by an occupation-driven transition between a non-chiral and a chiral superfluid, and a non-trivial density-wave amplitude. We finally show how the densitydependent fields may be easily probed in experiments by monitoring the expansion of doublons and holes in a Mott insulator, which presents a remarkable dependence on quantum fluctuations.
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PACS numbers:
Orbital magnetism is crucial in condensed-matter physics. It plays a particularly fundamental role in integer and fractional quantum Hall physics [1] [2] [3] , as well as in related topics, including anyons [4] and topological insulators [5, 6] . Ultra-cold gases offer extraordinary possibilities for the controlled study of quantum many-body systems [7] ; however, experiments are typically performed with neutral particles precluding the direct quantum simulation of orbital magnetism. Interestingly, synthetic magnetism may be engineered in cold neutral gases, currently constituting a major topic in cold-atom research [8, 9] . Proper laser arrangements have been used to induce artificial magnetic fields and spinorbit coupling [10, 11] . In addition, recent experiments have demonstrated the creation of synthetic magnetism in 2D optical lattices (OLs) [12, 13] , and realized the Meissner-superfluid (MSF) to vortex-superfluid (VSF) transition [14] with bosons in square optical ladders [15] .
However, in all these experiments the fields created are static, since there is no feedback of the atoms on the field. Such a dynamical feedback plays, however, an important role in various areas of physics, ranging from condensedmatter [16] to quantum chromodynamics [17] . Recently various ideas have been suggested for realizing dynamical gauge fields in OLs [18] [19] [20] [21] [22] [23] [24] [25] [26] . Interestingly, Ramanassisted hopping can be used in 1D OLs to realize an occupation-dependent gauge field that leads to an effective anyonic statistics [27, 28] . The resulting 1D anyon Hubbard model presents a wealth of new physics [27] [28] [29] [30] [31] [32] .
In this letter we show how the Raman-assisted scheme can be used for the realization of density-dependent synthetic magnetism (DDSM) in higher dimensions. Furthermore, we show that DDSM has important consequences for bosons in two-leg ladders and 2D square lattices, leading to a non-trivial interplay between chirality and density modulations. In ladders, this interplay results in a density-driven MSF-VSF transition with a nontrivial density imbalance between the legs. In square lattices DDSM induces a similar transition between a nonchiral superfluid (SF) and a chiral superfluid (CSF), both presenting a non-trivial density-wave (DW) amplitude. DDSM crucially affects also the dynamics of particles, as illustrated by the expansion of doublons and holes in a Mott insulator (MI), which presents an intriguing dependence on quantum fluctuations. Density-dependent fields.-We briefly review the 1D proposal of Ref. [28] , which we extend to higher dimensions. Atoms with internal states |A and |B are loaded on a spin-independent lattice, with no direct hopping, with an energy difference (tilting) ∆ between neighboring sites. The on-site interactions between an α and a β atom are characterized by the energy U αβ (with α, β = A, B), whereas δE is the energy difference between A and B atoms due to an external field. Lasers L 1,3 (L 2,4 ) couple |A (|B ) to an un-trapped electronic state |E (see Fig. 1(a) ). The laser L a has Rabi frequency Ω a , wave vector k a , and frequency ω a , such that 
Adiabatically eliminating |E , assuming a large detuning δ, one obtains for sufficiently narrow lasers four separate Raman-assisted hops between neighboring sites. Combining L 2 and L 3 , a single A particle hops to an empty site, (A, 0) → (0, A). Using L 2 and L 4 leads to (A, A) → (0, AB), where AB denotes a site with one particle of each species. Similarly L 1 and L 3 result in (A, A) → (AB, 0), and L 1 and L 4 in (AB, A) → (A, AB). Other processes, as (A, A) → (0, AA) or (A, 0) → (0, B), are avoided by properly choosing δE and/or tuning U AB compared to U AA and U BB . Note that the frequency differences compensate the tilting, and that the detuning U results in effective on-site interactions below [28] .
The Raman hop between sites at r L,R given by L a,b is
, where δ is the detuning to the transition to |E , we approximate Wannier functions by Gaussians of width l, D is the lattice spacing, and r M = ( r L + r R )/2. In order to induce DDSM in a square ladder, we consider equal tilting ∆ along the legs (x) and the rungs (y). The upper (lower) leg is at y 1 (y 2 ). We consider
, and Ω 4 = √ 2Ω 3 . On-site states 0, A, and AB mimic, respectively, states with 0, 1, and 2 spin-less bosons [28] . These bosons obey the Hamiltonian (see Fig. 1(b) ):
where b i,j annihilate bosons at rung j and leg i,
, is enforced by construction [28] .
DDSM in ladders.-Ladders with static fields (Eq. (1) with occupation-independent phases) have been recently realized [15] . At low fluxes the system is a MSF [14] , characterized by the absence of rung currents. At a critical flux, which depends on t x /t y and interactions, currents penetrate the rungs, and the system becomes a VSF. The MSF-VSF transition is marked by a cusp in the chiral current J c = J 1 − J 2 , with J i the leg currents.
A qualitative insight on the physics induced by the occupation-dependent Peierls phases is provided by a simple mean-field decoupling of the tunneling terms (between neighboring sites r and r ′ ) in Eq. (1) [33] :
withn r ≡ n r , and κ(r
The first term at the right hand side (rhs) of Eq. (2) results in an effective Peierls phase. A density-dependent flux is hence given by the phase accumulated when encircling a plaquette. For model (1) the flux is uniform for homogeneousn i,j =n i . The second term at the rhs introduces a shift of the local chemical potential, which is leg-dependent for φ 2 = −φ 1 in Eq. (1). We hence expect from this simple argument that the occupation-dependent Peierls phase introduces an interplay between density-dependent flux and density imbalance between the legs. We employ below extensive density matrix renormalization group (DMRG) [34, 35] calculations to confirm this insight.
As for the density-independent case [15] , we monitor the chiral current, J c = J 1 −J 2 , where the leg currents are now defined as , we observe two different SF regimes. For a given t x /U there is a critical µ, at which J c presents a cusp (see Fig. 2(b) ), indicating a MSF-VSF transition induced by the increasing flux for growing lattice filling ρ. This transition is as well characterized by a kink in the equation of state ρ(µ) and a change from central charge c = 1 in the MSF to c = 2 in the VSF (not shown) [38] .
Figures 2(a) and (b) also show that the occupationdependent Peierls phase leads to a marked density imbalance, ∆n = 2(n 2 −n 1 )/(n 2 +n 1 ). Three important points should be noted. First, although |∆n| is particularly large in the MSF, it is non-vanishing as well within the VSF. Second, ∆n presents a kink at the MSF-VSF transition. Third, although ∆n results from the broken symmetry between the legs in Eq. (1), its sign depends non-trivially on µ or ρ. Figure 2(b) shows that ∆n may change its sign going through a balanced point, ∆n = 0.
Strong rung-coupling limit.-For t y ≫ U, t x the ladder reduces to an effective rung-chain model with intriguing novel features due to the density-dependent Peierls phases. We may then map to rung-singlet (RS) states |Ñ with a fixed occupation,Ñ = 0, . . . , 4, on each rung [39] . For the particular case of φ 1 = −φ 2 = φ and at low ρ (in the vicinity of µ ∼ −t y ), for whichÑ > 2 are irrelevant, the effective rung-chain model becomes of the form:
where B j are bosonic operators in the space {|0 , |1 , |2 }, and N j = B † j B j . Note that inter-rung hops |0 |1 ↔ |1 |0 and |1 |1 ↔ |0 |2 have an amplitude t x , whereas |1 |1 ↔ |2 |0 and |2 |1 ↔ |1 |2 have an amplitude t x cos 2 (φ/2). The latter rate vanishes for φ = π. As a result a direct transition occurs for finite t x between the gapped phases at fillings ρ = 1/2 and 1, i.e.N = 1 and 2, with an infinite compressibility and a macroscopic density jump (Fig. 3) . Similarly, direct transitions occur between gapped phases with ρ = 1 and 3/2 (at φ = 2π/3), and 3/2 and 2 (at φ = π/2).
Moreover, for φ = 0 the Mott phases of the rung-chain model (3) the density-dependent phases results in a broken spaceinversion symmetry, since the amplitudes of |1 |1 ↔ |2 |0 and |1 |1 ↔ |0 |2 are not equal. As a consequence the Mott rung phases acquire a simultaneous finite O RP O and O RSO , as may be seen in the inset of Fig. 3 [40] . Two-dimensional square lattices.-A similar set up may be used to induce a rectified DDSM in a 2D square lattice. Considering that the row j is at y j = jD y and the ith column at x i = iD x , and assuming equal tilting in both directions, the set-up of Fig. 1(a) induces a phase e ikyj nij for the hop (i, j) → (i + 1, j), and e ik(yj+Dy /2)nij for (i, j) → (i, j + 1). As in ladders, the occupationdependent Peierls phases result in an interplay between density-dependent flux and density modulation. We illustrate this physics with the case of a square lattice with hopping −t y b † . In contrast, for a density-dependent phase, we observe two markedly different superfluids. For sufficiently large µ (dependent on t x /U ) we observe again a CSF. How-ever, below that critical µ, the system is a non-chiral SF with η = 0. A density modulation appears, characterized for the case of Figs. 2(c) and (d) by a peak at (π, 0) in the structure factor. The DW amplitude [45] presents similar properties as ∆n for the ladder: it is finite in both SF and CSF, it presents a kink at the SF-CSF transition, and its sign has a non-trivial dependence on µ.
Dynamically probing the density-dependent field.-DDSM results in an intriguing dynamics that may be easily probed experimentally. We illustrate this point with the particular case of the ladder model (1) with φ 1 = −φ 2 = φ and t x = t y . We are interested in the dynamics of a defect (doublon or holon) created in a MI with ρ = 1, initially at the site (1, j = 0) [46] .
For U ≫ t x quantum (particle/hole) fluctuations of the MI are irrelevant, and the defect expansion is like that of a single particle with a hopping t x (2t x e ±iφ ) for the holon (doublon). Both holon and doublon propagate ballistically along the ladder, i.e. j 2 (τ ) = γτ (we consider below the time τ in units of /t x for holons and /2t x for doublons). The expansion coefficient γ is however markedly different. Holons do not experience any magnetic flux, and thus they propagate with a φ-independent γ = √ 2. In contrast, doublons experience a flux 2φ and their trajectories are partially diverted by cyclotron motion. Hence γ decreases with φ (Fig. 4) .
For lower U/t, quantum fluctuations become relevant altering the defect expansion in an intriguing way. Fluctuations induce second-order hoppings of the form:
where α i ≡ e iφi (e −iφi ), β i = 1+e iφi (1+e −iφ k =i ) for doublons (holons). In order to study the influence of quantum fluctuations beyond perturbation theory we perform large-scale t-DMRG calculations [34] .
As shown in Fig. 4 for U/t x = 10, for φ = 0 fluctuations speed up defect expansion up to γ ≃ 1.6. This is intuitively clear since there are more processes expanding the defect along the ladder. This remains true for small φ. However, the peculiar phase dependence of the extra terms (4), modifies as well the effective magnetic flux experienced by the doublons. Indeed, for a sufficient large φ, fluctuations slow down the doublon expansion, i.e. they strengthen the cyclotron motion diverting the doublon expansion, corresponding to an increase of the effective magnetic field experienced by the doublons. Moreover, quantum fluctuations make holon expansion φ-dependent due to virtual doublons. For sufficiently large φ, fluctuations slow down the holon expansion, i.e. holons experience an effective magnetic field induced by quantum fluctuations of the MI substrate. Summary.-Raman-assisted hopping may be used to induce DDSM in cold lattice gases. We have shown that these fields lead to a rich ground-state physics for ladders and 2D square lattices characterized by the interplay between density modulations and chirality. Moreover, DDSM significantly affects the dynamics of particles in the lattice, leading in particular to an intriguing expansion dynamics for doublons and holes in a MI, which may be used to reveal experimentally the DDSM. Although we have focused on ladders and 2D square lattices, similar ideas may be applied to more general lattices, opening interesting possibilities for the realization of density-induced geometric frustration. This possibility will be studied in a forthcoming work.
